Abstract: Polysiloxanes, which can add high softness and lubricity to treated textiles, have been proposed as softening post-finishing agents for fabric. However, the hydrophobicity of the finished fabric is not satisfactory. In this work, long-chain fluoroalkyl acrylate was used to modify the polysiloxane, aimed at improving hydrophobicity of the finished fabric and retaining its softness simultaneously. Fourier transform infrared spectroscopy (FT-IR), nuclear magnetic resonance spectra ( 1 H/ 13 C NMR), and thermogravimetric analysis (TGA) were used to characterize the chemical structure and thermal stability of the as-prepared polymer. The modified polysiloxane was tested as a finishing agent. Its film morphologies on the fabric surface and on a silicon wafer were determined. Chemical compositions and performance properties of the finished fabric were investigated. By bonding long-chain fluoroalkyl, the modified polysiloxane presented good thermal stability. Due to the combined effect of the low surface free energy of the perfluorinated side chains and the relatively high surface roughness of the cotton fibers, the treated fabric had favorable hydrophobicity with a WCA of 144.7 • on its surface. In addition, their softness was increased, but the color remained unchanged.
Introduction
With flexible segments, prominent film-forming capacity and low glass transition temperature, polysiloxanes have often been chosen as softening post-finishing agents for fabric [1, 2] . However, because the surface free energies of the silicone copolymer films are not low enough, the waterproofing property of the treated fabrics is suboptimal. Fluorinated polyacrylate is another "triple-proofing" textile finish and endows the treated fabric with excellent water-and oil-repellency due to its very low surface free energy [3] [4] [5] . However, the handfeel of the finished fabric was too stiff to obtain comfortable wearability. Fluorosilicon copolymer, prepared by modifying polysiloxane with fluorinated acrylate, presents the characteristics of these two polymers, providing polysiloxane not only with the high elasticity and flexibility of organosilicon, but with the low surface energy and strong mechanical and adhesive properties of fluorinated polyacrylate. This has recently been a hot topic in the field of textile post-finishing agents.
Currently, concerning fluoropolymer-modified polysiloxane materials, preparation methods mainly include hydrosilylation, emulsion polymerization, atom transfer radical polymerization (ATRP), photopolymerization, and grafting methods [6] [7] [8] [9] [10] [11] [12] [13] [14] . Furukawa et al. [6, 7] utilized the hydrosilylation of fluorinated olefins with polyhydromethylsiloxane to synthesize a series of fluorosilicones and used them hydrosilylation of fluorinated olefins with polyhydromethylsiloxane to synthesize a series of fluorosilicones and used them as finishing agents for polyester fabrics. Miniemulsion polymerization was adopted by Guo to prepare a fluorinated siloxane-acrylate polymer latex, which was then used as a new kind of waterborne textile finishing agent [8] . Finally, the treated fabric could be rendered with both desirable softness and excellent water resistance. Luo et al. [9, 10] used the ATRP technique to prepare a poly(dimethylsiloxane)-block-poly(methyl methacrylate)-block-poly(2,2,3,3,4,4,4-heptafluorobutyl methacrylate) triblock copolymer and poly(methacryloxypropyltrimethoxysilane-b-2,2,3,3,4,4,4-heptafluorobutyl methacrylate -grafted silica hybrid nanoparticles. Martinelli et al. [11, 12] prepared a series of amphiphilic diblock copolymers containing a poly(dimethylsiloxane) block and a PEGylated-fluoroalkyl-modified polystyrene block via ATRP and tested them as biofouling coatings. Novel photopolymerized network films on the basis of a polysiloxane matrix containing varied amounts of polyoxyethylene or perfluorohexylethyl dangling side chains were studied by Martinelli et al. [13] . Among the above methods, hydrosilylation is most frequently employed by scientists and technicians. However, due to the difference in chemical structure between long-chain fluorine-containing monomer and polyhydromethylsiloxane, their intersolubility is too poor to make the hydrosilylation reaction proceed well under the condition of bulk polymerization. Thus, it becomes an obstacle in the preparation of fluorosilicon copolymer via the hydrosilylation method. In some cases, if some of the fluoroalkyl segments were previously imported into the polysiloxane chains by the equilibration reaction, the compatibility between the long-chain fluorine monomer and the modified polysiloxane was enhanced, which probably benefited the following Si-H addition reaction. Therefore, the above obstacle is likely to be overcome.
Therefore, we firstly prepared a polytrifluoropropylhydromethylsiloxane (PFHMS) via the equilibration reaction of 1,3,5-trimethyltris(3,3,3-trifluoropropyl) cyclotrisiloxane (D3F), 1,3,5,7-tetramethylcyclotetrasiloxane (D4H), and hexamethyldisiloxane (MM) under the acidic catalyst condition. Hydrosilylation was performed with fluoroalkyl acrylate (FA), allyl glycidyl ether (AGE), and PFHMS to synthesize a sort of comb-like long-chain-fluoroalkyl-and epoxy-group-modified polysiloxane, which was then reacted with aminopropyltriethoxysilane (KH550) to create a novel comb-like long-chain fluoroalkyl-and siloxy-modified polysiloxane (PFAS). Here, the dangling side siloxy groups will help to form a more compact film on the fabric surface during the subsequent curing, which is beneficial for the hydrophobicity of the treated fabric, and will provide some reactive sites for later modifications, such as the in situ condensation reaction with silica sols to prepare nanocomposite. The whole preparation process can be viewed in Scheme 1. The aim of our present study is to examine the application properties of our as-prepared PFAS as the fabric coating material and to shed light on the molecular design and the development of new fluorosilicon copolymers as functional coating finishes. 
Materials and Methods

Materials
Polytrifluoropropylhydromethylsiloxane (PFHMS) was prepared in our lab with a viscosity of 580 mPa·s and an Si-H content of 0.23% (expressed by the moles of Si-H groups contained in 1 g of silicone [15] [16] [17] . A white pure cotton fabric was obtained from the local store and used as FESEM investigation and application experiments. The specifications of the used fabric are given in Table 1 . 
Preparation of Fluoroalkyl Acrylate Modified Polysiloxane (PFAS)
Thirty grams of PFHMS, 34.43 g of FA (68.3 mmol), and 0.87 g of AGE (7.6 mmol) were successively added into a 100 mL three-necked flask equipped with a mechanical stirrer, a reflux condenser, and a thermometer and then dry nitrogen gas was bubbled into the flask for half an hour. After the admixture was heated to 80-85 • C, several drops of H 2 PtCl 6 was added and the reaction was retained for 3-4 h at this temperature. After the temperature of the system was lowered to 65-70 • C, 1.68 g of KH550 (7.6 mmol) was poured into the mixture to take further action for another 3-4 h. After this, the temperature was increased to 125-130 • C to remove the low-boiling residues by vacuum distillation. Finally, a viscous fluoroalkyl-acrylate-modified polysiloxane (PFAS) was obtained with a clear appearance.
Coating of Cotton Fabric with PFAS
At first, all cotton samples were ultrasonicated in an orderly manner using deionized water and acetone at 25 • C for 20 min and then dried at 100 • C for 5 min. This procedure was to ensure that the slurry and contaminants were removed from the fiber/fabric substrates.
First, different doses of PFAS were severally dissolved with redistilled ethyl acetate to form different PFAS solutions with around 0-0.5% mass concentrations. The above cotton samples were then immersed into the PFAS solution for several seconds and padded to wet pick-up at about 70% on the weight of the dry fabric. Next, the cotton samples were dried at 100 • C for 10 min and cured at 160 • C for 1 min. Finally, treated samples were kept in a desiccator to balance at room temperature for 24 h.
Characterization
The structure of the as-prepared resultant was confirmed by FTIR and NMR. FTIR spectra of the samples were recorded on a Bruker VECTOR-22 spectrophotometer (Bruker, Billerica, MA, USA) between 4000 and 500 cm −1 using a KBr pellet technique. NMR analysis was performed with an INOVA-400 spectrometer (Varian, San Francisco, CA, USA) using CDCl 3 as a solvent and tetramethylsilane (TMS) as an internal standard.
Thermal stability was interpreted with thermogravimetry analysis (TGA), which was conducted on a Q500 thermogravimeter (TA Instruments Company, New Castle, DE, USA) at a heating rate of 10 • C/min from ambient temperature to 600 • C in an inert atmosphere.
Film morphologies of the PFAS-coated fabric or silicon wafer were observed by SEM and AFM, respectively. After the fabrics/fibers were coated with gold in a vacuum, SEM observations were carried out on an S-4800 scanning electron microscope (Hitachi Company, Tokyo, Japan) at a magnification of 5000 times. The method concerning deposition of the PFAS on the silicon wafer is described in [18] . After the PFAS film was formed on the silicon wafer, it was detected by a Nanoscope IIIA atomic force microscope (AFM, Digital Instruments, Tonawanda, NY, USA) in tapping mode. All determinations were performed at 22 • C and in air with a relative humidity of 48%.
Surface chemical compositions of the PFAS-coated fabric were detected by a Physical Electronics Model 5700 XPS instruments (PHI, Chanhassen, MN, USA). This apparatus was equipped with a monochromatic Al Kα source (150 W, 15 KV, KE = 1486.6 eV). Parameters 30 • and 6.7 × 10 −8 Pa were set as the nominal photoelectron take-off angle and vacuum degree, respectively, in the analysis chamber. During the XPS detecting process, since hydrocarbon contamination existed on the sample surface, the C 1s photoelectron emission signal was often utilized to correct the deviation of the binding energy at 284.8 eV.
Static water contact angles (WCAs) on the treated fabrics surface were detected by a JC2000A contact angle goniometer (Shanghai Zhong Chen Powereach Co., Shanghai, China) using the sessile drop method at 20 • C. The injection volume of liquid was 5 µL and the average of at least five readings was used as the final value of each sample.
Whiteness and bending rigidity (BR) of the PFAS-treated fabrics were severally measured with a YQ-Z-48B fluorescent whiteness tester (Wenzhou Instrument Co., Wenzhou, China) and a Kawabata Evaluation System (KES) instrument (KATO TECH Co. Ltd., Kyoto, Japan).
Results and Discussion
Structure Characterization
FTIR spectra of the reactants, FA and PFHMS, and the outcome, PFAS, were compared and are shown in Figure 1 . Figure 1a denotes the spectrum of the reactant FA. The absorption peaks at about 2975 cm −1 , 2909 cm −1 , 1452 cm −1 , 1377 cm −1 , and 1641 cm −1 resulted from the stretching and bending vibrations of alkyl C-H and the stretching vibration of the C=C bond in FA, respectively. The absorption peaks at 1746 cm −1 , 1213 cm −1 , and 698 cm −1 were associated with the stretching vibration of C=O, the stretching and wagging vibrations of the C-F bond, respectively [15, 16, 19] . Figure 1b represents the spectrum of the reactant PFHMS. There were typical absorption peaks at around 2163 cm −1 , 2975 cm −1 , 2909 cm −1 , 1452 cm −1 , 1377 cm −1 , 1274 cm −1 , and 801 cm −1 , which denote the stretching vibration of the Si-H bond, the stretching and bending vibrations of alkyl C-H, the bending vibration of the C-H bond in Si-CH 3 , and the stretching vibration of the Si-C bond in PFHMS, respectively. The signals between 1141 cm −1 and 1024 cm −1 are supposed to originate from the stretching vibrations of Si-O-Si bond. Figure 1c is the spectrum of the resultant PFAS. Except for the above signals, the absorption peaks of the C=C bond and the Si-H bond completely disappeared at 1641 cm −1 and 2163 cm −1 , indicating that the hydrosilylation reaction proceeded well. Besides, a new absorption peak emerged at 1563 cm −1 , resulting from the bending vibration of the secondary amine. The above FTIR results demonstrate that PFAS was successfully acquired.
Figures 2 and 3 are the 1 H-NMR spectrum and the 13 C-NMR spectrum of the PFAS, respectively. Obviously, the relevant chemical shift values of the protons from the PFAS were observed at δ 0.1 (aH), 0.6 (mH and iH), 0.9 (bH), 1.2 (kH), 1.4 (dH), 1.5 (jH and nH), 1.9 (cH and gH), 2.3 (eH), 2.4 (pH), 2.6-2.8 (q'H and qH), 3.4 (l'H and tH), 3.7 (lH, rH and sH), and 4.3 (f H), respectively. In addition, the corresponding 13 
Thermal Stability
As is known, the Si-O bond possesses strong strength of about 108 kcal•mol −1 [20] , which endows the polysiloxane materials with high thermal stability. In general, data concerning decomposition temperatures (Td) at different weight losses, such as 5% and 50% (noted as Td5% and Td50%), are often given to indicate the thermal stability of a polymer.
To obtain thermal stability of our as-synthesized polysiloxane-based polymer, TGA analysis was used in this work. Figure 4 is a TGA graph of the PFAS polymer. It can be seen that Td5% and Td50% 
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To obtain thermal stability of our as-synthesized polysiloxane-based polymer, TGA analysis was used in this work. Figure 4 is a TGA graph of the PFAS polymer. It can be seen that T d5% and T d50% were 331 • C and 426 • C, respectively. The entire decomposition temperature reached 570 • C. By comparison with the TGA results of other polysiloxane polymers, such as the poly(methylchloromethyl)siloxane (PCMS) [21] , the polysiloxane-ferroferric oxide composite [22] , and the photosensitive polysiloxane [23] , our as-prepared polysiloxane has a higher thermal stability than that of the above polymers. Two cases may account for this phenomenon. One is the effect of the short-and long-chain fluoroalkyl in the side chain of the Si-O backbone, which can shield and protect the inner polysiloxane skeleton and enhance its thermal stability [15] [16] [17] ; the other is the reactive siloxy, which can react with the Si-O and form crosslinking structures among polysiloxane chains during the heating process. As a result, the thermal stability of the polysiloxane polymer is improved. the short-and long-chain fluoroalkyl in the side chain of the Si-O backbone, which can shield and protect the inner polysiloxane skeleton and enhance its thermal stability [15] [16] [17] ; the other is the reactive siloxy, which can react with the Si-O and form crosslinking structures among polysiloxane chains during the heating process. As a result, the thermal stability of the polysiloxane polymer is improved. 
Film Morphology of the PFAS
As a sort of coating material with low surface tension, polysiloxane is easily spread on various substrates. To acquire its film morphology, we used SEM. Figure 5 shows the SEM images of the blank cotton fabric and the fabric treated with PFAS. The average diameter of one fiber was about 10 μm, and there were many intrinsic stripes and some white granules on the fiber surface, which are likely uncleaned slurries, whereas the PFAS-treated cotton fabric became relatively smooth, and a flat polysiloxane film was distinctly coated on its surface. A finer film morphology of the PFAS on a nanoscale cannot be obtained from SEM observation. To date, AFM has been widely used as an instrument to investigate the fine morphology of polymer films on a nanometer scale [24] . Since unwanted deformation takes place on the surface of natural fabrics or fibers during AFM observation, a rigid silicon wafer is often selected as a substituted matrix to examine the fine film morphology of a polymer [15] [16] [17] [18] . Therefore, the precise morphology of the PFAS film was carried out by AFM. Figure 6 shows the AFM images. As shown in Figure 5 , an inhomogeneous film was deposited on the silicon wafer surface with many strong or 
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Coatings 2018, 8, 31 or intermolecular forces made these hydrophobic parts curl and spiral, and an inhomogeneous morphology was formed. 
Chemical Compositions of the Fabric Coatings
The XPS wide spectrum of the PFAS-treated fabrics is shown in Figure 7a . Meanwhile, to make clear the detailed chemical environment of certain elements, the high resolution C1s and N1s spectra are also respectively presented in Figures 7b,c. Strong O1s (O1s at 532.0 and 533.5 eV) and F1s (F1s at 688.4 and 691.0 eV), moderate Si2s and Si2p (Si2s at 153.0 eV and Si2p at 102.0 eV), and C1s spectra appeared for the PFAS-coated fabric surface. Owing to the very low level of nitrogen content, almost no N1s signal was found at 399.2 eV in the wide spectrum, but a slender N1s peak indeed existed in Figure 7c of the high-resolution N1s spectrum. Furthermore, in Figure 7b of the high resolution C1s spectrum, a complex pattern of fivefold peaks was presented. More narrowly, these fivefold peaks could be assigned to the following carbon bonds (-CF3 at 292.6 eV, -CF2-at 289.6 eV, -O-C=O at 288.1 eV, C-N, C-O-C, and C-OH at 286.5 eV, and C-C, C-H, and Si-C at 284.8 eV). Thus, the XPS results demonstrated that the fabric surface was indeed covered by the PFAS film. 
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Performance Properties of the Fabrics Finished with PFAS
In addition to hydrophobicity and softness of the fabrics treated with different amount of PFAS, attention was also paid to the color change of the treated fabrics in the experiment. The fabrics showed a static water contact angle (WCA), had a bending rigidity, and were white. Performance properties of the fabrics treated with different amounts of PFAS are presented in Table 2 . As is shown in Table 2 , the WCAs on the PFAS-treated fabric surface slowly increased with the increase in PFAS content. It did not change until the PFAS content was more than 0.4 g in 100 g ethyl acetate solutions. The final WCA reached 144.7 • . Compared to WCA values on the fabrics treated with fluorine-free polysiloxane finishing agents (137.5 • for CLPS, a crosslinked polysiloxane with end-capped epoxy groups, and 130.5 • for EPVMS, an epoxy group-terminated polyvinylmethylsiloxane) [20] , waterproofing property of the fabrics treated with PFAS was preferably improved. Therefore, in terms of improving the waterproofing property of the polysiloxane, the purpose of this experiment seems to be acquired. However, these high CA values appear to be too high to be totally ascribed to the effect of surface enrichment in the fluorinated components. In fact, even longer perfluoroalkyl homopolymer is generally reported to display a static water contact angle (CA) of 120 • [25] . Thus, such high CA values might be due to the combination of two effects: the low surface free energy of the perfluorinated side chains and the relatively high surface roughness of the cotton fibers. In addition, the whiteness of the PFAS-treated fabrics showed almost no change compared with the untreated one. This consequence may result from the fact that the polysiloxane film is transparent and its color did not change during the baking process. As for the bending rigidity, both warp and fill values of the PFAS-treated fabrics, compared to those of the untreated fabric, continued to reduce as the PFAS dose was augmented. This indicates that the softness of the PFAS-treated fabrics increased compared to the blank. The embedding of long-chain fluoroalkyl does not affect the hand feel of the treated fabric, which is exactly caused by the inherent properties of silicone softeners, which can endow the treated fabrics with very high softness, lubricity, and special tear strength, among other things, partly as a result of a reduction of interfibers and interyarns friction [26, 27] .
Conclusions
In summary, a long-chain fluoroacrylate was used to modify a polysiloxane so as to improve the hydrophobic properties of the polysiloxane and simultaneously retaining the softness of a fabric. The structure of the PFAS was confirmed by FT-IR and NMR. As a result of the bonding of long-chain fluoroalkyl, the PFAS presented good thermal stability. Due to the combined effect of the low surface free energy of the perfluorinated side chains and the relatively high surface roughness of the cotton fibers, the treated fabric had favorable hydrophobicity with a WCA of 144.7 • on its surface. Its softness was increased, but the color remained unchanged due to the inherent property of silicone softeners.
